Introduction {#sec1}
============

Lung cancer is the deadliest cancer in both men and women.[@bib1] About 85% of lung cancers are non-small cell lung cancer (NSCLC), and the 5-year survival rate for all stages of NSCLC is less than 16%.[@bib2] The existing first-line treatment for the majority of NSCLC patients remains limited to cisplatin chemotherapy. Although the initial response of cisplatin as an anti-tumor agent in NSCLC treatment is favorable, often patients develop resistance and fail to respond to therapy.[@bib3]^,^[@bib4] Indeed, the gain of stemness properties have been associated with the acquisition of chemoresistance.[@bib5]^,^[@bib6] The expression of pluripotency transcription factors, including OCT4, NANOG, SOX2, and MYC, is responsible for tumor stemness properties in lung adenocarcinoma (LUAD).[@bib7] Recent reports suggested that tumor cells with self-renewal ability are highly resistant to conventional therapies and many targeted therapies.[@bib8], [@bib9], [@bib10] Furthermore, recent studies have demonstrated that ATP-binding cassette (ABC) efflux transporters that actively pump various anticancer drugs, including platinum compound, out of tumor cells are the primary reason for the gain of cisplatin resistance and NSCLC progression.[@bib11]^,^[@bib12] Chemo-resistance and tumor relapse have severe adverse impacts on NSCLC patient outcomes.[@bib13]^,^[@bib14]

Doublecortin-like kinase1 (DCLK1) is a tumor stem cell (TSC) marker in the intestine and pancreas.[@bib15]^,^[@bib16] Additionally, DCLK1 is a functional protein kinase involved in the regulation of tumorigenesis, tumor stemness, and epithelial-mesenchymal transition (EMT) in cancers, including colon, pancreas, liver, and renal cancers.[@bib17], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22] Recent reports suggest that there is a functional link between EMT, tumor stemness, and the development of therapy resistance. However, the role of DCLK1 in NSCLC tumorigenesis, self-renewal, and therapy resistance is not known. Multiple datasets collected from The Cancer Genome Atlas (TCGA) database reveal that DCLK1 expression is massively increased in LUAD compared with normal adjacent lung tissues, suggesting that DCLK1 may be a potential target for the regulation of NSCLC progression, self-renewal, and associated therapy resistance. Human DCLK1 consists of short and long isoforms, each with a shared kinase domain.[@bib23] The potential tumorigenic function of DCLK1 isoforms in solid tumor cancers is not clear and remains largely unknown in NSCLC. In the present study, we used human NSCLC tissue microarray with adjacent control tissues and cisplatin-resistant A549 NSCLC (A549-CR), H460, and H1299 human NSCLC cell lines, and MRC9 human non-malignant lung cell lines were obtained from American Type Culture Collection (ATCC) and used for *in vitro* studies and *in vivo* xenografted studies. Here we demonstrate that DCLK1 is dysregulated in NSCLC, and specific inhibition of DCLK1 reduces self-renewal and cisplatin resistance. Given the importance of the gain of cisplatin resistance in NSCLC, this therapeutic strategy will have the potential to reverse the resistance to cisplatin by regulating the dysregulated DCLK1 and tumor stemness, critical players in therapy resistance and cancer high-grade progression.

Results {#sec2}
=======

DCLK1 Is Highly Expressed in Patients with LUAD {#sec2.1}
-----------------------------------------------

To understand the link between DCLK1 and LUAD, we analyzed DCLK1 mRNA expression in the human LUAD dataset from TCGA public database, which revealed that DCLK1 is highly expressed in LUAD compared with normal lung tissue ([Figure 1](#fig1){ref-type="fig"}A). TCGA database was utilized for the correlation analysis between DCLK1 and TSC markers/stemness factors in the LUAD dataset. Our analysis revealed that DCLK1 is strongly correlated with TSC markers *LGR5* and *CD44*, and tumor stemness factors *SOX9* and *SOX2* ([Figure 1](#fig1){ref-type="fig"}B). DCLK1 correlation was further strengthened by GeneMANIA network analysis in humans, which revealed that DCLK1 either directly (genetic and physical) or indirectly (via downstream targets) interacts with TSC markers and stemness factor ([Figure S1](#mmc1){ref-type="supplementary-material"}A). We performed immunohistochemistry (IHC) for DCLK1 staining in the human LUAD tissues (n = 75 biopsies) and the normal adjacent tissues. We observed increased DCLK1 immunostaining (p \< 0.0001) in human LUAD compared with normal adjacent tissues ([Figures 1](#fig1){ref-type="fig"}C and 1D). Increased expression of DCLK1 protein and mRNA was observed in NSCLC cell lines (H460, A549, and H1299) compared with the non-malignant lung cell line (MRC9) ([Figures 1](#fig1){ref-type="fig"}E and 1F). Interestingly, H460 and A549 cells demonstrated an increased expression of DCLK1 protein short-form (50 kDa), which is predominantly overexpressed in solid tumor cancers[@bib19]^,^[@bib24] compared with H1299 cells expressing the long-form (82 kDa). Protein expression analysis of DCLK1 short-form and long-form represents that H1299 cells express long-form and H460/A549 cells express short-form. However, the difference in the expression of DCLK1 isoform variance between the cell lines is not currently been investigated utilizing isoform-specific primers for mRNA expression analysis. Indeed, in most cancer-related studies, it is crucial to correlate mRNA expression with their respective protein expression due to post-translational modification (PTM), stability, and ubiquitination. However, further molecular studies are required to know the DCLK1-associated PTM and its stability in lung cancer.Figure 1DCLK1 Expression Increased in NSCLC and Correlates with Stem Cell Factors(A) DCLK1 mRNA expression is overexpressed in lung adenocarcinoma compared with adjacent solid lung normal tissue in the LUAD dataset collected from the TCGA database. (B) DCLK1 mRNA and mRNA of tumor stem cell markers (*CD44, BMI1, LGR5, LRIG1, TERT, ALDH1A1)* and pluripotency factors *(SOX2, SOX9, NANOG, KLF4, MYC, POU5F1, POU3F3*) were downloaded from the LUAD dataset of TCGA database. DCLK1 expression is positively correlated with genes of stem cell markers pluripotency factors. Color indicates a correlation of DCLK1 and other genes, negative (green) and positive (red). (C) Human tissue microarrays (TMAs) of lung adenocarcinoma and adjacent normal lung tissues were stained for DCLK1, and the intensity was scored. Immunohistochemistry reveals that DCLK1 is highly expressed (p \< 0.0001) in lung adenocarcinoma compared with normal adjacent lung tissues. (D) Representative images of DCLK1 expression in normal and lung adenocarcinoma TMAs. Scale bars, 50 μm. (E) Expression of DCLK1 protein levels was assessed in a panel of NSCLC cell lines (H460, H1299, A549) and the non-malignant lung cell line MRC9 via immunoblot analysis. (F) Expression of DCLK1 mRNA levels assessed in a panel of NSCLC cell lines and the non-tumorigenic cell line. All quantitative data are expressed as mean ± SD of a minimum of five independent experiments. ∗p \< 0.05,∗∗p \< 0.01, and ∗∗∗p \< 0.001 were considered statistically significant.

DCLK1 Regulates NSCLC Cell Proliferation, Migration, and Invasion {#sec2.2}
-----------------------------------------------------------------

To investigate DCLK1's role in NSCLC proliferation, migration, and invasion, we utilized small interfering RNA (siRNA) against *DCLK1* (siDCLK1) in NSCLC cells. siDCLK1 treatment reduced the *DCLK1* mRNA and protein expression ([Figures 2](#fig2){ref-type="fig"}A and 2B) and cell proliferation by 40%--50% and colony-forming ability, which represents the cells' viability and survival, by 60%--80% compared with siRNA Scramble (siSCR)-transfected cells ([Figure S1](#mmc1){ref-type="supplementary-material"}B; [Figure 2](#fig2){ref-type="fig"}C), but no changes were observed in MRC9 cells ([Figure S2](#mmc1){ref-type="supplementary-material"}). DCLK1 knockdown significantly decreased (50%--60%) the migration and invasion of NSCLC cells compared with siSCR controls ([Figures 2](#fig2){ref-type="fig"}D and 2E). We found a strong correlation between *DCLK1* expression and EMT transcriptional factors *SNAI1, SNAI2,* and *TWIST* in the LUAD dataset from the TCGA database ([Figure 2](#fig2){ref-type="fig"}F). Furthermore, we observed that siDCLK1 treatment significantly reduced the expression of SNAI1 and SNAI2 in all NSCLC cells ([Figure 2](#fig2){ref-type="fig"}G). However, only H460 cells showed a significant reduction in TWIST expression following DCLK1 knockdown ([Figure 2](#fig2){ref-type="fig"}G).Figure 2Specific Silencing of *DCLK1* Reduces NSCLC Migration, Invasion, and Colony Formation by Regulating EMT-Associated Factors(A) Specific silencing of *DCLK1* in NSCLC cells reduced the mRNA expression of *DCLK1*. (B) DCLK1 inhibition reduced the protein expression in all three NSCLC cells. (C) siDLKC1 transfection in NSCLC cells reduced the colony formation in all three NSCLC cells. Line graph representing the percentage of colony formation for H460 cells. (D) siDLKC1 transfection in NSCLC cells reduced the tumor cell migration and invasion ability. (E) Bar graph representing the percentage of cell migration and invasion of NSCLC cells. (F) Heatmap of EMT factors mRNA expression levels by dividing lung cancer patients into two groups based on *DCLK1* expression levels from TCGA. *DCLK1* mRNA expression is positively correlated with genes of epithelial-mesenchymal transition transcriptional factors *SNAI1, SNAI2,* and *TWIST*. (G) DCLK1 inhibition reduced the protein expression levels of SNAIL and SLUG in all three NSCLC cells. However, DCLK1 inhibition reduced the expression of TWIST in only H460 cells. All quantitative data are expressed as mean ± SD of a minimum of five independent experiments. ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001 were considered statistically significant.

Role of DCLK1 in Regulating Tumor Stemness {#sec2.3}
------------------------------------------

Self-renewal (clonogenicity) is a hallmark of stem cells, which can be measured by 3D spheroid culture.[@bib25]^,^[@bib26] Among the three cell lines, H460 cells showed more spheroid formation than A549 and H1299 cells *in vitro* under scramble RNA transfection ([Figure S3](#mmc1){ref-type="supplementary-material"}A). Overall, DCLK1 knockdown in all three NSCLC cell lines reduced 80%--90% of their spheroid formation ability ([Figures 3](#fig3){ref-type="fig"}A, 3B, 3D, 3E, 3G, and 3H). The effect of DCLK1 knockdown-mediated reduction of spheroid formation ability is higher in H1299 compared with H460 and A549 cells. Furthermore, the number of clonal cells per spheroid was reduced in all three NSCLC cell lines after DCLK1 knockdown ([Figures 3](#fig3){ref-type="fig"}C, 3F, and 3I). Given the importance of DCLK1 in the regulation of tumor stemness,[@bib22]^,^[@bib27] we evaluated the effect of DCLK1 knockdown on the stem cell markers and pluripotency factors in NSCLC cells. DCLK1 knockdown in NSCLC cells reduced the expression of stem cell markers LGR5, CD44, and BMI1 and pluripotency factors SOX2, NANOG, and OCT4 compared with siSCR controls ([Figures 3](#fig3){ref-type="fig"}J and 3K).Figure 3DCLK1 Inhibition Reduces NSCLC Cell Self-Renewal and the Expression of Stem Cell Markers and Pluripotency Factors(A) Specific inhibition of DCLK1 reduced the self-renewal of H460 cells. (B) Bar graph representing the number of spheroids between siSCR- and siDCLK1-treated H460 cells. (C) Line graph representing the number of clonogenic cells between siSCR- and siDCLK1-treated H460 cells. (D) Specific inhibition of DCLK1 reduced the self-renewal of H1299 cells. (E) Bar graph representing the number of spheroids between siSCR- and siDCLK1-treated H1299 cells. (F) Line graph representing the number of clonogenic cells between siSCR- and siDCLK1-treated H1299 cells. (G) Specific inhibition of DCLK1 reduced the self-renewal of A549 cells. (H) Bar graph representing the number of spheroids between siSCR- and siDCLK1-treated A549 cells. (I) Line graph representing the number of clonogenic cells between siSCR- and siDCLK1-treated A549 cells. (J) DCLK1 inhibition significantly reduced the protein expression levels of tumor stem cell markers LGR5 and CD44 in all three NSCLC cells. Expression levels of BMI1 show a moderate reduction in H460 cells but are significantly reduced in H1299 and A549 following siDCLK1 transfection. (K) DCLK1 inhibition significantly reduced the protein expression levels of pluripotency factors SOX2, NANOG, and OCT4 in all three NSCLC cells. All quantitative data are expressed as mean ± SD of a minimum of five independent experiments. ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001 were considered statistically significant.

DCLK1 Knockdown Inhibited the TSC Phenotype and Reduced the Size of NSCLC Tumor Xenograft {#sec2.4}
-----------------------------------------------------------------------------------------

Tumor cells with the TSC phenotype have the ability to form secondary tumorspheres.[@bib28]^,^[@bib29] To investigate the role of DCLK1 in NSCLC secondary spheroid formation, we knocked down DCLK1 in NSCLC primary spheroids derived from A549 and H460 cells. DCLK1 knockdown in the primary spheroids completely abrogated secondary spheroid formation ([Figures 4](#fig4){ref-type="fig"}A and 4C). We observed that the primary spheroid cells have 2- to 3-fold secondary spheroid-forming ability compared with primary cells to form primary spheroids ([Figures 4](#fig4){ref-type="fig"}B and 4D). Interestingly, we observed a 9- to 14-fold increase in the expression of DCLK1 mRNA in the primary and the secondary spheroids compared with parental NSCLC cells ([Figures S3](#mmc1){ref-type="supplementary-material"}B and S3C). To assess the importance of DCLK1 in the NSCLC tumorigenesis *in vivo*, we conducted a tumor xenograft study. We intraperitoneally (i.p.) injected the tumor-bearing mice with siDCLK1-poly(lactide-co-glycolide acid) (PLGA) nanoparticles (siD-NPs), which resulted in tumor regression compared with siSCR-PLGA NPs (siSCR-NPs) treatment ([Figures 4](#fig4){ref-type="fig"}E and 4F).Figure 4Silencing DCLK1 Inhibits NSCLC Cell Secondary Spheroid Formation *In Vitro* and Tumor Growth *In Vivo*Tumor stem cells are capable of generating next-generation spheroids called secondary spheroids. (A) Specific inhibition of DCLK1 reduced the number of H460 NSCLC tumor cell primary spheroids and completely abrogated the secondary spheroid formation. (B) Bar graph representing the number of primary and secondary spheroids between siSCR- and siDCLK1-treated H460 cells. (C) Specific inhibition of DCLK1 reduced the number of A549 NSCLC tumor cell primary spheroids and completely abrogated the secondary spheroid formation. (D) Bar graph representing the number of primary and secondary spheroids between siSCR- and siDCLK1-treated A549 cells. (E) H460 cells were subcutaneously injected into athymic nude mice (number of mice = 10) and allowed to grow until the tumor reached an average volume of 100 mm^3^. siDCLK1-NP treatment of the H460 tumor xenografts significantly regressed tumor growth. (F) Line graph representing the reduced tumor volume of siDCLK1-NP-treated xenograft mice compared with siSCR-NP-treated xenograft mice. All quantitative data are expressed as mean ± SD of a minimum of three independent experiments. ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001 were considered statistically significant.

DCLK1 Is Required for the Development of Resistance to Cisplatin in NSCLC Cells {#sec2.5}
-------------------------------------------------------------------------------

Cisplatin is the most commonly used treatment regimen for lung cancer.[@bib30] However, there are several reports contrary to the effect of cisplatin on the viability of cancer cells between two-dimensional (2D) and three-dimensional (3D) cultures.[@bib31]^,^[@bib32] Indeed, 3D cell culture could relate better to *in vivo* models than 2D cell cultures.[@bib33] Therefore, we first want to investigate the differential anti-cancer effect of cisplatin between 2D and 3D cell cultures of NSCLC cell lines. Cisplatin treatment significantly reduced the colony-forming ability of NSCLC cells in the 2D culture system even at the lower concentration of 1 μM treatment and reduced further with 5 μM treatment ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). H1299 cells are the most sensitive even at 1 μM cisplatin. At a 10-μM concentration of cisplatin treatment, all NSCLC cells significantly suffered to form a colony in the 2D culture system ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4B). The clonogenic ability of the H1299 cells in 3D culture system was significantly reduced at 1- and 5-μM cisplatin concentrations ([Figures S4](#mmc1){ref-type="supplementary-material"}C and S4D). At a 10-μM concentration of cisplatin treatment, H1299 cells are able to maintain only 12% of their clonogenic ability compared with vehicle treatment ([Figures S4](#mmc1){ref-type="supplementary-material"}C and S4D). However, H460 and A549 NSCLC cells responded with better resistance to cisplatin and can maintain their clonogenic ability between 34% and 40% even at a 10-μM concentration of cisplatin treatment ([Figures S4](#mmc1){ref-type="supplementary-material"}C and S4D). Although the response to cisplatin treatment between the NSCLC cells differs, the variations to cisplatin tolerance could be better understood by a 3D culture system than the 2D system.

Next, we investigated the role of DCLK1 in the development of NSCLC cisplatin resistance. We generated A549-CR, generated a dose-response curve, and calculated half maximal inhibitory concentration (IC~50~) concentrations ([Figures 5](#fig5){ref-type="fig"}A and 5B). A549-CR cells exhibited a 9-fold higher IC~50~ concentration (57.42 μM) for cisplatin than that of parental A549 cells (6.086 μM) ([Figure 5](#fig5){ref-type="fig"}A). Cisplatin resistance in A549-CR cells enhanced fibroblastoid-like morphology and reduced proliferation ([Figures 5](#fig5){ref-type="fig"}B and 5C; [Figure S5](#mmc1){ref-type="supplementary-material"}). Furthermore, the difference in whole-cell cisplatin accumulation between A549-CR and its parental counterpart was quantified using Cisplatin Assay Kit (ProFoldin USA). After 24-h cisplatin treatment, we observed a significant reduction in the uptake of cisplatin by A549-CR cells when compared with A549 parental cells ([Figure S6](#mmc1){ref-type="supplementary-material"}A). Further, A549-CR cells showed a 3- to 4-fold increase in clonogenic ability compared with parental cells ([Figure 5](#fig5){ref-type="fig"}D). Thus, the change in morphology and slow cycling of A549-CR cells is closely associated with the stem-like signature of enhanced self-renewal capacity. Interestingly, we observed a significant increase in protein and mRNA expression of *DCLK1* in the A549-CR cells compared with parental cells. This is the first report to show the DCLK1 higher expression in the CR NSCLC cells ([Figure 5](#fig5){ref-type="fig"}E), suggesting that *DCLK1* expression is the key factor involved in the gain of cisplatin resistance. Furthermore, knockdown of *DCLK1* in A549-CR cells resulted in a ∼20% reduction in cell viability, whereas cisplatin (40 μM) alone treatment resulted in a ∼16% reduction ([Figure 5](#fig5){ref-type="fig"}F). A combination of siDCLK1 + low-dose cisplatin treatment (5 μM, which is an 11-fold reduced dose than the original IC~50~ concentration of 57.42 μM) resulted in a ∼86% decrease in cell viability compared with vehicle control ([Figure 5](#fig5){ref-type="fig"}F). However, the combination treatment of siDCLK1 + low-dose cisplatin (5 μM) resulted in a ∼6% decrease in MRC9 cell viability ([Figure S6](#mmc1){ref-type="supplementary-material"}B), suggesting that the combinatorial therapeutic agents are more specifically targeting the tumor cells than the normal cells. We observed that a combination of siDCLK1 + low-dose cisplatin (5 μM) treatment abrogated the CR NSCLC cell self-renewal by 95% compared with siDCLK1 alone (71%) and cisplatin (40 μM) alone (41.4%) ([Figures 5](#fig5){ref-type="fig"}G and 5H).Figure 5DCLK1 Regulates the Gain of Cisplatin Resistance, and DCLK1 Targeting in A549-CR Cells Increased the Sensitivity to Cisplatin Treatment(A) Parental NSCLC (A549) cells and cisplatin-resistant A549 NSCLC (A549-CR) cells were treated with an increasing concentration of cisplatin (0.2--100 μM). Cell death was measured using the live/dead assay. Dose-response curves were generated from which IC~50~ values were deduced. (B) A549 and A549-CR cells were plated at equal numbers, and cell numbers were counted at different time intervals. Cisplatin resistance cells (A549-CR) display poor cell proliferation. (C) Cisplatin resistance NSCLC tumor cells (A549-CR) exhibited different morphology compared with the parental NSCLC tumor cells (A549); for more visibility, pictures were transformed into black and white pictures and cropped and enlarged. (D) A549-CR cells acquire enhanced tumor stem cell-like self-renewal features compared with parental A549 cells. Bar graph represents the number of spheroids between A549 and A549-CR cells. (E) DCLK1 expression increased with a gain of cisplatin resistance. *DCLK1* mRNA expression by RT-PCR and protein expression by western blot analysis. (F) Bar graph represents % cell viability between various treatment groups. (G) A549-CR cells treated with cisplatin at 40 μM or siDCLK1 transfection alone reduced the self-renewal ability of therapy-resistant tumor cells compared with vehicle treatment. A549-CR cells treated with cisplatin 5 μM 24 h after siDCLKL1 transfection almost completely abrogated tumor cell self-renewal ability compared with the individual treatments. (H) Bar graph represents the number of spheroids between various treatment groups. (G and H) Asterisks (∗) indicate compared with control; number signs (\#) represent compared with cisplatin (40 μM); dollar signs (\$) indicate compared with siDCLK1. All quantitative data are expressed as mean ± SD of a minimum of five independent experiments. ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001 were considered statistically significant.

DCLK1 Induces Cisplatin Resistance in NSCLC Cells via the ABCD4-Dependent Mechanism {#sec2.6}
-----------------------------------------------------------------------------------

Previous studies have shown the role of ABC transporters in the development of resistance to cisplatin in various solid tumor cancers, including lung cancer.[@bib11]^,^[@bib12]^,^[@bib34] ABC transporters are one of the largest families of membrane-bound proteins in humans that catalyze the ATP-dependent transport of a wide variety of substrates.[@bib35] Recently, several members of the ABC transporters have been found to contribute to governing the movement of platinum drugs and their metabolites across biological membranes to limit its cytotoxic efficacy and adverse drug reactions in cancer cells.[@bib35]^,^[@bib36] Because we demonstrated that DCLK1 knockdown in A549-CR cells showed an increased sensitivity to cisplatin and reduced cell viability and self-renewal, next we wanted to investigate the role of DCLK1 on the regulation of ABC transporters in the gain of NSCLC cisplatin resistance, which remains unknown. Therefore, we analyzed the TCGA LUAD RNA sequencing (RNA-seq) dataset for Pearson r correlation ([Figure 6](#fig6){ref-type="fig"}A; [Figure S6](#mmc1){ref-type="supplementary-material"}C). We observed that *DCLK1* is strongly correlated with *ABCA1, ABCA12, ACBA6, ABCB6, ABCC11, ABCC5*, ABC subfamily member 4 (*ABCD4*), *ABCF2, ABCG4, and ABCG8* in the LUAD dataset. To further investigate the connection between *DCLK1* and the ABC transporters, we used the GeneMANIA webserver to predict interactions between *DCLK1* and ABC transporters in the network using the parameters limited to physical interactions, co-expression, shared protein domain, and pathways to score nodes and source organism *Homo sapiens* as additional parameters ([Figure 6](#fig6){ref-type="fig"}B). From the GeneMANIA network, we found that *DCLK1* has networked with ABC transporters, and *DCLK1* shows its interaction with ABC transporters via downstream factors/adaptor factors. Next, we profiled the protein expression levels of ABC transporters in the A549 parental cells, A549-CR cells, and A549-CR cells with and without DCLK1 knockdown ([Figure 6](#fig6){ref-type="fig"}C). As shown in [Figure 6](#fig6){ref-type="fig"}C, we found an increased expression of 10 ABC transporters (*ABCA1, ABCA12, ABCA8, ABCB6, ABCC11, ABCC5, ABCD4, ABCF2, ABCG4, and ABCG8*) and decreased expression of 6 ABC transporters (*ABCA2, ABCD3, ABCG2, ABCG5, CFTR, and TAP2*) in the A549-CR cells compared with A549 parental cells. Among them, the expression levels of *ABCD4* and *ABCG8* are highly increased in A549-CR cells compared with A549 parental cells. Interestingly, DCLK1 knockdown in A549-CR cells reversed the expression of increased ABC transporters. Note that the only ABC transporter, *ABCD4*, expression is strongly regulated by DCLK1 in the NSCLC cells ([Figure 6](#fig6){ref-type="fig"}C). Our protein expression analysis from the A549 parental cells, A549-CR cells, and A549-CR cells with DCLK1 knockdown further revealed that the expression of ABCD4 strongly depends on the DCLK1 expression levels in the NSCLC cells ([Figure 6](#fig6){ref-type="fig"}D). However, DCLK1 expression is not regulated by ABCD4 in the NSCLC cells, because ABCD4 knockdown in the A549-CR cells did not alter the expression levels of DCLK1 ([Figure 6](#fig6){ref-type="fig"}E). These data suggest that DCLK1 is not the downstream target to ABCD4; instead, DCLK1 silencing downregulates ABCD4 in CR cells. To understand whether DCLK1 mediates its therapy-resistant effects through ABCD4, we knocked down ABCD4 in the A549-CR cells, which resulted in ∼10% reduction in cell viability compared with cisplatin (40 μM) alone treatment, which resulted in ∼18% reduction in cell viability ([Figure 6](#fig6){ref-type="fig"}F). However, combination therapy using siRNA targeting human *ABCD4* (siABCD4) + low-dose cisplatin (5 μM) resulted in a ∼78% decrease in cell viability ([Figure 6](#fig6){ref-type="fig"}F). Similarly, the combination treatment of siABCD4 + cisplatin (5 μM) reduced the self-renewal of CR NSCLC cells by ∼72% compared with cisplatin alone by 41% and siABCD4 alone by 32% ([Figures 6](#fig6){ref-type="fig"}G and 6H). Taken together, these data suggest that DCLK1 mediated NSCLC cell cisplatin resistance, and associated enhanced self-renewal occurs via an ABCD4-dependent mechanism.Figure 6DCLK1-Associated Resistance to Cisplatin Is via an ABCD4-Mediated Mechanism(A) *DCLK1* mRNA and mRNA of ABC transporters (*ABCA1, ABCA12, ACBA6, ABCB6, ABCC11, ABCC5, ABCD4, ABCF2, ABCG4, ABCG8*) were downloaded from the LUAD dataset of TCGA database. *DCLK1* expression is positively correlated with genes of ABC transporters; color indicates a correlation of *DCLK1* and other genes, negative (green) and positive (red). (B) Gene network from GeneMANIA shows the relationships for genes from the list (nodes) connected (with edges) according to the functional association networks from the databases. Based on the physical interactions, pathway, and genetic interactions, in the network representation, all of the nodes are connected and related to *DCLK1*. (C) cDNA from the A549 parental cells, A549-CR cells, and A549-CR cells treated with siDCLK1 were used to run the TaqMan human ABC transporters arrays. Heatmap depicting the upregulation of ABC transporters in the A549-CR cells compared with A549 cells, and siDCLK1 treatment reversed ABC upregulation. (D) Western blot for protein expression analysis for DCLK1 and ABCD4 between A549 cells, A549-CR cells, and A549-CR cells treated with siDCLK1. (E) Western blot representing the protein expression of DCLK1 and ABCD4 in A549-CR after scramble or siDCLK1 treatment. (F) Bar graph represents % cell viability between various treatment groups. (G) A549-CR treated with cisplatin at 40 μM or siABCD4 transfection alone moderately reduced the self-renewal ability of therapy-resistant tumor cells compared with vehicle treatment. A549-CR cells treated with cisplatin 5 μM 24 h after siABCD4 transfection significantly reduced the tumor cell self-renewal ability compared with the individual treatments. (H) Bar graph represents the number of spheroids between various treatment groups. (F and H) Asterisks (∗) indicate compared with control; number signs (\#) represent compared with cisplatin (40 μM); dollar signs (\$) indicate compared with siABCD4. All quantitative data are expressed as mean ± SD of a minimum of five independent experiments. p values \<0.05 are considered statistically significant.

Discussion {#sec3}
==========

The development of drug resistance during chemotherapy against lung cancer is a major reason for the mortality associated with this disease.[@bib37]^,^[@bib38] The gain of cellular self-renewal properties has been associated with the acquisition of chemoresistance.[@bib5]^,^[@bib6]^,^[@bib39] DCLK1 is a marker of TSCs in pancreas, and colon cancer plays a critical role in the self-renewal capacity of cells derived from these tumors.[@bib15]^,^[@bib16] In this study, we demonstrate that DCLK1 expression is increased in NSCLC patients and is associated with increased expression of TSC-related genes. Moreover, we provide evidence that the development of cisplatin resistance in NSCLC cells is marked by a distinct increase in DCLK1 expression. Therefore, in this report, we sort to determine whether inhibition of DCLK1 activity in the cisplatin resistant NSCLC could reverse cisplatin resistance and inhibiting tumor stem cell like phenotype.

DCLK1 has been shown to regulate key properties that enhance tumorigenesis.[@bib17]^,^[@bib18]^,^[@bib21]^,^[@bib22]^,^[@bib40] Thus, we predicted that DCLK1 would have similar results in NSCLC. In accordance with the previous reports on the tumorigenic role of DCLK1 in colon, pancreas, kidney, and liver tumors, we observed reduced NSCLC cell proliferation, colony formation, migration, invasion, and self-renewal *in vitro* following DCLK1 knockdown.[@bib18], [@bib19], [@bib20]^,^[@bib22]^,^[@bib24]^,^[@bib41]^,^[@bib42] Furthermore, DCLK1 silencing demonstrated tumor xenograft growth arrest and tumor regression *in vivo*. The ability of primary spheroid to form secondary spheroids is an essential feature of TSCs.[@bib43]^,^[@bib44] Interestingly, in our study, we found that the generation of secondary spheroid from primary spheroids in NSCLC cells was completely blocked following DCLK1 knockdown. Secondary spheroid growth can also be used as a surrogate for clonogenicity associated with TSCs. This is supported by our findings that DCLK1 knockdown not only prevented secondary spheroid formation but also reduced several stem cell proteins and pluripotency factors.

The acquisition of cisplatin resistance is the major cause of the mortality associated with patients with NSCLC.[@bib45]^,^[@bib46] We hypothesize that the acquisition of cisplatin resistance occurs via a DCLK1-mediated mechanism that involves the development of stem cell-like features with a particular emphasis on self-renewal. It is recently reported that miR539 is critical in reversing the resistance of NSCLC cells to cisplatin; however, the same study observed that restoration of DCLK1 overcame *miR539* and enhanced cisplatin resistance, although the study's main focus was on miR539.[@bib47] Here we demonstrate that DCLK1 expression is the key factor in regulating the gain of resistance to cisplatin. Cisplatin resistance NSCLC cells have 3- to 4-fold increased self-renewal capacity and a 9-fold increase in the IC~50~ value compared with cisplatin-sensitive cells. Addition of siRNA against *DCLK1* in cisplatin resistance cells to low-dose cisplatin (5 μM, which is an 11-fold reduced dose than the original IC~50~ concentration of 57.42 μM) resulted in more than 90% cell death compared with cisplatin alone treatment. Furthermore, a similar combination of treatment completely abrogated the self-renewal capacity to cisplatin resistance NSCLC cells. In accordance with the present study, recent reports have demonstrated that the inhibition of protein kinases AKT/PI3K and STAT3 reduced cancer stemness and reversed cisplatin resistance in NSCLC.[@bib48]^,^[@bib49] Taken together, the present data strongly suggest that combining DCLK1 knockdown with cisplatin therapy may overcome the acquisition of resistance associated with cisplatin treatment.

Our study provides a complete overview of DCLK1-mediated NSCLC cisplatin resistance and associated enhanced self-renewal; however, the mechanism by which DCLK1 induces NSCLC cisplatin resistance is completely unknown. Several recent reports have implicated that ABC transporters play a critical role in the development of resistance to cisplatin in lung cancer.[@bib11]^,^[@bib12] Here we demonstrate that ABCD4 is the only ABC transporter that is highly expressed in cisplatin resistance NSCLC cells and is completely dependent on DCLK1 expression. Further, our data also provide the evidence that ABCD4 is the downstream target of DCLK1. Similarly, the combination of siABCD4 + low-dose cisplatin also demonstrated the loss of cell viability and abrogation of the self-renewal ability of cisplatin resistance NSCLC cells. Taken together, our study demonstrated that DCLK1 is critical in the gain of cisplatin resistance and associated enhanced self-renewal potency, which is critical for tumor progression, metastasis, and possibly tumor recurrence.[@bib40]^,^[@bib42]^,^[@bib50]

Conclusions {#sec3.1}
-----------

Our findings demonstrate the acquisition of stem-like features following cisplatin treatment in NSCLC. These studies identified a novel therapeutic target for the effective treatment of cisplatin resistance NSCLC, which has been essentially undruggable. Furthermore, in this report, we suggest that cisplatin resistance may be related to resistance seen in other chemotherapeutic agents due to a common acquisition of stem cell-like features. Finally, we have provided evidence that targeting DCLK1 in NSCLC either alone or in combination with cisplatin may be an effective strategy to combat NSCLC, most importantly the platinum-resistant NSCLCs.

Materials and Methods {#sec4}
=====================

Pathological Characterization of Human Lung Cancer Tissue {#sec4.1}
---------------------------------------------------------

Human lung cancer tissue microarrays (US Biomax HLug-Ade150Sur-02) containing LUAD tissue from 75 cases and matched normal adjacent tissue (1 core/case) were stained with DCLK1 antibody (ab31704) following a previously described IHC protocol.[@bib17]^,^[@bib51] Each stained tissue micro-section was scored independently by two pathologists and based on the percent of tissue demonstrating staining (1 for \<10% to 4 for \>60%) and staining intensity (1 for lowest intensity and 4 for highest intensity). The resulting scores were multiplied by each other to obtain a composite score.

Analysis of TCGA LUAD Patient Data {#sec4.2}
----------------------------------

The standard data run from TCGA's LUAD dataset from 706 patients was downloaded from the University of California, Santa Cruz (UCSC) cancer genome browser (<http://xena.ucsc.edu/welcome-to-ucsc-xena/>). Data were sorted and analyzed using the R statistical environment (version 3.0.2) as previously described.[@bib20]^,^[@bib22]

Determination of DCLK1-Correlated Stem Cell Factors, EMT Factors, and ABC Transporters in LUAD Patient Data {#sec4.3}
-----------------------------------------------------------------------------------------------------------

The LUAD RNA-seq datasets in TCGA dataset were downloaded through the UCSC cancer genome browser, as previously described.[@bib22]^,^[@bib40] Samples with high/low *DCLK1* expression levels were sorted by R v.3.2. Patients whose *DCLK1* expression levels were in the top 25% or bottom 25% were considered *DCLK1*-high or *DCLK1*-low, respectively. The corrplot function (R package corrplot) was used to confirm the correlation between the expression levels of *DCLK1* and other genes.

DCLK1 Network with Stem Cell Factors Utilizing the GeneMANIA Database {#sec4.4}
---------------------------------------------------------------------

Datasets, including physical interactions, co-expression, pathway, and genetic interactions, were collected from the public domain GeneMANIA database. The dataset relevant to *DCLK1* and the stem cell factors network was generated from the GeneMANIA database (<http://genemania.org>).

Cell Culture {#sec4.5}
------------

A549, H460, and H1299 human NSCLC cell lines and MRC9 human non-malignant lung cell line were obtained from ATCC and grown in Dulbecco's modified Eagle's medium with 4.5 g/L glucose and L-glutamine (Cellgro) supplemented with 10% fetal bovine serum (Sigma) at 37°C and 5% CO~2~.

siRNA-Mediated Knockdown of *DCLK1* or *ABCD4* {#sec4.6}
----------------------------------------------

Human NSCLC cells were seeded into 6-cm Petri dishes and allowed to attach overnight. Following attachment, 1 nM commercially validated siRNA against *DCLK1* (siDCLK1) or *ABCD4* (siABCD4) (Santa Cruz Biotech, USA) or 1 nM human scrambled sequence (siSCR) not targeting any known genes (Santa Cruz Biotech, USA) was complexed with Lipofectamine 3000 (Invitrogen) and added to the dishes in fresh cell culture minimum essential medium (MEM) medium. After 48 h, cells were used for further analysis.

Clonogenic Assay {#sec4.7}
----------------

NSCLC cells were plated in 48-well ultra-low-attachment plates at a density of 1,000 cells/well in RPMI medium containing 50% growth factor reduced Matrigel. The Matrigel cell suspensions were maintained and monitored for spheroid formation, as described previously.[@bib17]^,^[@bib18]^,^[@bib22]^,^[@bib27]^,^[@bib51] For the secondary spheroid formation, primary spheroids were first recovered after the addition of corning cell recovery solution (Catalog No. 354253; Corning), which depolymerizes the Matrigel matrix and can be used to recover the spheroids. To dissociate the primary spheroids for single-cell suspensions, we incubated the primary spheroids with TrypLE for 20 min at 37°C. Single cells collected from the primary spheroids were plated for secondary spheroids formation as similar to primary spheroid generation.

Live/Dead Assays {#sec4.8}
----------------

NSCLC cells were seeded into a 96-well plate at 10^4^ cells/well and allowed to attach overnight at 37°C. Post-treatment, fluorescent Live/Dead cell viability (Thermo Fisher Scientific, USA) assay was performed according to the manufacturer's protocol.

Generation of Cisplatin Resistance in NSCLC Cells {#sec4.9}
-------------------------------------------------

CR variant of A549 cell line as derived from its original parental cell line by continuous exposure to cisplatin (Sigma-Aldrich, USA) following initial dose-response studies of cisplatin over 72 h from which IC~50~ values were obtained. Initially, the CR subline was treated with cisplatin (IC~50~) for 72 h. The media were removed, and cells were allowed to recover for a further 72 h. This development period was carried out for approximately 3 months, after which time IC~50~ concentrations were re-assessed in each resistant cell line. Cells were then maintained continuously in the presence of cisplatin at these new IC~25~ concentrations for a further 3 months.

TaqMan Array Human ABC Transporters in NSCLC Cells {#sec4.10}
--------------------------------------------------

The TaqMan array human ABC transporter (Cat. No. 4414166; Thermo Fisher Scientific, USA) contains 44 human ABC transporter genes and 4 proposed reference genes. We utilize gene-specific probe and primer sets to compare gene expression between A549 cells, A549-CR cells, and A549-CR cells treated with siDCLK1. The arrays were carried out according to the manufacturer's instructions. In brief, 10 μL cDNA was used as a template for the measurement of mRNA in quantitative PCR (qPCR). RT-PCR was performed using TaqMan Universal Master Mix from Thermo Fisher Scientific, USA. Thermal cycling conditions were as follows: 95°C for 10 min, then 95°C for 20 s and 60°C for 30 s for 40 cycles. Raw Cq values with automatically selected thresholds were calculated. The expression level of each gene for all samples was analyzed in triplicate and required at least two valid wells.

Cell Proliferation Assays {#sec4.11}
-------------------------

Cells (10^4^ cells/well) were seeded into a 96-well tissue culture plate in triplicate. Post-treatment, 10 μL TACS MTT Reagent (RND Systems) was added to each well, and the cells were incubated at 37°C until a dark crystalline precipitate became visible in the cells. Then 100 μL of 266 mM NH~4~OH in DMSO was added to the wells and placed on a plate shaker at low speed for 5 min. After shaking, the plate was allowed to incubate for 10 min protected from light, and the OD~550~ for each well was read using a microplate reader. The results were averaged and calculated as percentage cell proliferation.

Migration and Invasion Assay {#sec4.12}
----------------------------

For the invasion assay, Matrigel-coated Transwells (BD Biosciences) were prepared by retrieving in serum-free media for 2 h at 37°C. For the migration assay, Transwells (BD Biosciences) were used. Subsequently, cells (5,000/well) pre-transfected with either 1 nM siRNA or siSCR for 48 h were seeded into each Transwell in triplicate in serum-free media, or cells post-treated with cisplatin were used. Cell culture medium containing 10% FBS was added to the bottom of each well as a chemoattractant, and the cells were incubated for 24 h at 37°C under 5% CO~2~. Afterward, a cotton swab was used to scrape non-invasive or non-migratory cells off the top of Transwells; the remaining cells were fixed and stained with 0.1% crystal violet and allowed to dry. After drying, all invading or migrating cells were counted from each Transwell. Results are reported as the percentage of cells invaded and/or migrated.

Colony Formation Assay {#sec4.13}
----------------------

NSCLC cells were transiently transfected with si-DCLK1 or scramble siRNA or post-treated with cisplatin or combinatorial treatments. After 48 h, cells were seeded and passaged into new six-well plates (100 cells/well). Cells were allowed to grow for 1 week, fixed with glacial acetic acid/methanol solution (1:3), and washed with PBS. Colonies were stained with 0.1% crystal violet for 10 min and were washed with tap water to remove excess stain. Colonies were then counted under a stereomicroscope using a 1-cm^2^ grid. Four squares from four quadrants were counted for each well.

Quantitative Real-Time RT-PCR {#sec4.14}
-----------------------------

Total RNA was isolated from NSCLC cells using Tri Reagent (MRC) per the manufacturer's instructions. First-strand cDNA synthesis was carried out using SuperScript II Reverse Transcriptase and random hexanucleotide primers (Invitrogen). The complementary DNA was subsequently used to perform RT-PCR on an iCycler IQ5 Thermal Cycler (Bio-Rad) using SYBR Green (Molecular Probes) with gene-specific primers and JumpStart Taq DNA polymerase (Sigma). The crossing threshold value assessed was normalized to β-actin, and quantitative changes in mRNA were expressed as fold-change relative to control ± SD value.

Immunoblot Analysis {#sec4.15}
-------------------

Twenty-five micrograms of the total protein was size separated in a 4%--12% SDS polyacrylamide gel and transferred electrophoretically onto a polyvinylidene fluoride (PVDF) membrane with a wet-blot transfer apparatus (Bio-Rad, Hercules, CA, USA). The membrane was blocked and incubated overnight with a primary antibody, and was subsequently incubated with a horseradish peroxidase-conjugated secondary antibody. The proteins were detected using enhanced chemiluminescence (ECL) western blotting detection reagents (Amersham-Pharmacia, Piscataway, NJ, USA). Protein density quantification was performed with GelQuant software. Actin (42-kDa) was used as a loading control.

IHC/Immunofluorescence {#sec4.16}
----------------------

Standard IHC protocols were used with specific antibodies, as described previously.[@bib51], [@bib52], [@bib53]

### IHC {#sec4.16.1}

Heat-induced epitope retrieval was performed on 4-μm formalin-fixed, paraffin-embedded sections utilizing a pressurized Decloaking Chamber (Biocare Medical, Concord, CA, USA) in citrate buffer (pH 6.0) at 99°C for 18 min.

### Bright Field {#sec4.16.2}

Slides were incubated in 3% hydrogen peroxide at room temperature for 10 min. After incubation with the primary antibody overnight at 4°C, slides were incubated in a Promark peroxidase-conjugated polymer detection system (Biocare Medical) for 30 min at room temperature. After washing, slides were devolved with diaminobenzidine (Sigma-Aldrich).

### Image Acquisition {#sec4.16.3}

Slides were examined on the Nikon Eclipse Ti motorized microscope paired with image app operated by the NIS-Elements Microscope Imaging Software platform (Nikon Instruments, Melville, NY, USA).

Cisplatin Concentration Assay {#sec4.17}
-----------------------------

After cisplatin treatment, cells were washed twice with PBS, and cell lysate was prepared using cell lysis buffer. After a 10-min centrifugation at 15,000 rpm at 4°C, the supernatant was used to determine protein concentration. The cisplatin concentrations in the supernatant were measured by a cisplatin assay kit (MicroMolar Cisplatin Assay Kit; ProFoldin). The samples, buffer, and chelate color solution were mixed and incubated for 60 min at 65°C. The absorbance was then read at a wavelength of 535 nm using a microplate reader. The platinum reading was normalized to protein concentration.

Animals {#sec4.18}
-------

All animal experiments were performed with approval and authorization from the Institutional Review Board and the Institutional Animal Care and Use Committee at the University of Oklahoma Health Sciences Center (Oklahoma City, OK, USA). Athymic nude mice were obtained from The Jackson Laboratory and were maintained.

Synthesis and Characterization of *DCLK1* siRNA NPs and Treatment {#sec4.19}
-----------------------------------------------------------------

PLGA NPs were synthesized using a double-emulsion solvent evaporation technique as described previously.[@bib18] The amount of encapsulated siRNA was quantified using a spectrophotometer (DU-800; Beckman Coulter, Brea, CA, USA). The size, polydispersity index, and zeta-potential measurements of synthesized siRNA NPs were determined using diffraction light scattering (DLS) and utilizing Zeta PALS (Brookhaven Instruments, Holtsville, NY, USA). Tumor xenograft athymic nude mice were injected i.p. with 0.25 nmol siRNA preparation on every third day for a total of six doses.

Xenograft Tumor Study {#sec4.20}
---------------------

H460 cells (5 × 10^5^) were injected subcutaneously into the flanks of athymic nude mice and allowed to grow until the tumor reached an average volume of 100 mm^3^. Xenografts were injected i.p. with 0.25 nmol siRNA preparation on every third day for a total of six doses. Horizontal and vertical tumor diameters were measured on each injection date with calipers, and tumor volume was calculated using the following formula: tumor volume = 0.5 × length × width^2^.

Statistical Analyses {#sec4.21}
--------------------

All statistical analyses were performed in GraphPad Prism 6.0, SPSS Statistics 22, and Microsoft Excel. One-way ANOVA and the Student's t test were used to determine statistical significance. Pearson product-moment correlation was used for analysis and correlation of gene expressions between two groups. For survival analyses, the log rank (Mantel-Cox) test and the Gehan-Breslow-Wilcoxon test were used. ∗p \< 0.05, ∗∗p \< 0.01, and ∗∗∗p \< 0.001 were considered statistically significant.

Ethics {#sec4.22}
------

All animal experiments were performed with the approval and authorization of the Institutional Review Board and the Institutional Animal Care and Use Committee, University of Oklahoma Health Sciences Center.

Data Availability {#sec4.23}
-----------------

The datasets analyzed during the current study are available from the corresponding author upon reasonable request.
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